Objective: The aim of this study was to investigate the effects of omega-3 fatty acids on orthodontic tooth movement.
| INTRODUC TI ON
Orthodontic tooth movement is characterized by remodelling changes which involve dental and paradental tissues. 1 At the compression side of the periodontal ligament (PDL), bone resorption is performed by osteoclasts and at the tension side, bone deposition is achieved by osteoblasts. 2 In the literature, it has been shown that proinflammatory cytokines such as IL-1β, IL-6 and RANKL affect bone resorption following orthodontic force application. 3, 4 In addition to the proinflammatory cytokines, it has been shown that orthodontic force application induces local expression of many growth factors involved in bone remodelling 5 such as vascular endotelial growth factor (VEGF), and the bone morphogenetic protein-2 (BMP-2). VEGF is the major mediator of angiogenesis and BMP-2 plays an important role in orthodontic tooth movement. 5, 6 Omega-3, a polyunsaturated fatty acid, is composed of α-linolenic acid (ALA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Omega-3 fatty acids show anti-inflammatory effects via decreasing the level of proinflammatory cytokines and inflammatory mediators such as arachidonic acid-derived eicosanoids ([Prostaglandin E2-PGE2]). 7 In a rat study model, it has been
shown that omega-3 fatty acids inhibit osteoclast activity and bone resorption, while they stimulate osteoblast activity and new bone formation. 8, 9 There are few studies in the literature investigating the effect of omega-3 fatty acids on orthodontic tooth movement. Kokkinos et al 10 reported that the concentration of PGE2 and arachidonic acid in alveolar bones of rats fed with fish oil was lower than rats fed with corn oil. In addition, Iwami-Morimoto et al 11 found less bone resorption and orthodontic tooth movement in rats fed with fish oil.
Even though there have been many studies investigating the effects of omega-3 fatty acids on bone tissue, 9 ,10 only few studies 7, 8 examined the effect on orthodontic tooth movement and there is no current literature on this topic. The aim of this study was to investigate the effects of systemic administrations of omega-3 fatty acids on orthodontic tooth movement using biochemical, histological, immunohistochemical and gene expression methods.
| MATERIAL S AND ME THODS

| Animals and orthodontic appliance design
A total of 56, 10-12 weeks old, male Wistar Albino rats were randomly divided into seven groups (n = 8 each): control group (control animals without any treatment-Group 1); tooth movement group for 3 days (Group 2); tooth movement and omega-3 administration group for 3 days (Group 3); tooth movement group for 7 days (Group 4); tooth movement and omega-3 administration group for 7 days (Group 5); tooth movement group for 14 days (Group 6); tooth movement and omega-3 administration group for 14 days (Group 7). This study was approved by Regional Animal Research Ethics Committee of the University of Adnan Menderes, Aydın, Turkey.
Orthodontic tooth movement was achieved on the upper first molars using nickel-titanium closed-coil springs (American Orthodontics, Sheboygan, WI, USA) activated across central incisors to the first molar on left side as previously described. 3 Springs were fixed to the maxillary first molar and incisors with a stainless steel ligature wire (G&H Wire Company, Franklin, IN, USA; Figure 1 ). The nickel-titanium closed spring was adjusted to apply a constant force of 40 g and no reactivation was carried out during the experimental period. The rats were observed for signs of weight loss, infection and appliance failure throughout the duration of the study. In the event of these situations, animals were excluded from the study and replaced with a new one.
| Omega-3 application
Since the beginning of the application of the orthodontic force, omega group rats were administered with 400 mg/kg omega-3 fatty acids (Solgar, Istanbul, Turkey) systematically via orogastric gavage everyday during the experimental period (for 3, 7 or 14 days). The tooth movement group and control group rats were not exposed to any application.
| Tissue preparation
On the 3rd, 7th and 14th days after the orthodontic tooth movement, the rats were sacrificed by taking blood from the heart under general anaesthesia. Blood was centrifuged and stored at 
| Measurement of the amount of tooth movement
Impressions of the teeth and maxilla were obtained before the placement of the orthodontic appliance and after the removal of the appliance. The amount of tooth movement was measured between the first molar (mesial side, the most gingival point) and ipsilateral incisor (palatal side, the most gingival point) using a digital caliper (Kern, Balingen, Germany). Measurements were done on both the right and the left sides. In order to determine the amount of pure tooth movement, the difference in length on the control side was subtracted from the difference in length on the side to which the orthodontic force was applied as previously described. 
| Biochemical experiments
| Quantitative real time PCR analysis
The cDNA was subjected to quantitative RT-PCR analysis with specific primers (Primer 1: Rn 00567818_m1_BMP-2, Primer 2:
Rn01410330_m1_IL-6, Primer 3: Rn01775763_g1_GAPDH, Primer 4: Rn01511602_m1_VEGF) using Taqman Gene Expression Assay from Applied Biosystems. Relative abundance of mRNA was obtained by normalization to GAPDH mRNA levels.
| Histological examination
Briefly, tissue samples were dehydrated through graded alcohol series and cleared in xylene and embedded in paraffin. Serial sections (5-μm thick) were cut and performed routine Hematoxylin-Eosin protocol. Then, sections were observed under the light microscope (Olympus BX-43, Tokyo, Japan). The numbers of osteoblasts, osteoclasts, inflammatory cell infiltrations, new bone formations and capillary intensities were established for all of the groups.
| Immunohistochemical examination
Formaline-fixed, paraffin-embedded first molar teeth sections were used for immunohistochemical staining. Tissue samples were stored at 60°C overnight and then dewaxed with xylene for 30 minutes.
After dehydration of the sections with ethanol, they were washed with distilled water. Subsequently, the samples were treated with 2%
trypsin at 37°C for 15 minutes and incubated in 3% Results from immunohistochemistry experiments were defined with a histological score (H score) resulting from the number of cells with activated VEGF, IL-1β, IL-6, anti-RANKL (0%-100% cells) multiplied by the intensity of staining (1 = low, 2 = medium and 3 = high).
Slides were examined and scored using a double-blinded protocol.
| Statistical analysis
Intraclass Correlation Coefficient (ICC) was calculated to evaluate the intra-rater agreement based on a mean-rating (k = 2), absolute Small letters indicate the significant differences between the levels of factor2 within factor1 and the numbers indicate the significant differences between the levels of factor1 within factor2. 1 P = 0.012; 2 P = 0.010; a,f P < 0.001; b P = 0.007; c P = 0.039; d P = 0.004; e P = 0.030; g P = 0.015.
The mean tooth movement on day 14 was significantly greater in tooth movement group than omega groups ( 1 P = 0.012).
The mean tooth movement on day 14 was significantly greater than the one on day 3 in tooth movement group ( a P < 0.001). The main and interaction effects of omega application (factor1) and the experimental day (factor2) were investigated on biochemical measurements and tooth movement by two-way ANOVA, while the analyses for the histological and immunohistochemical measurements were performed by Scheirer-Ray-Hare
Test, which is the non-parametric analogue of two-way ANOVA.
Inverse transformation was performed on TAS to ensure the homogeneity of variance assumption. Tukey test was applied for significant main effects after two-way ANOVA. Bonferroni-Holm correction was applied for all other pairwise comparisons. The P Small letters indicate the significant differences between the levels of factor2 within factor1 and the numbers indicate the significant differences between the levels of factor1 within factor2. The results were obtained according to the inverse transformation of TAS. a P = 0.005; b,c,e,1,3 P = 0.001; d P = 0.005; 2 P = 0.002; f,4 P = 0.015. The overall mean of TAS level was significantly greater in omega group than the one in tooth movement group ( 2 P = 0.002).
The mean TAS level was significantly greater on day 7 than the one on day 3 in omega group ( a P = 0.005).
values for main and interaction effects obtained from all analyses were presented in one table.
A P value <0.05 was considered statistically significant. All statistical analysis and calculations were performed via IBM SPSS Statistics 21.0.
| RE SULTS
| Tooth movement findings
The ICC was 0.990 (95% CI: 0.982-0.994), which indicated excellent agreement between two measures of the rater. The overall mean of the tooth movement was 0.335 ± 0.087 mm in the omega group and 0.398 ± 0.119 mm in the tooth movement group (Table 1) . The difference in overall mean of the tooth movement between these two groups was statistically significant (P = 0.010; Table 2 ). The main effect of factor2 was significant on tooth movement (P < 0.001), while the interaction effect of factor1 and factor2 were revelaed insignificant (P = 0.253; Table 2 ). The amount of tooth movement was significantly lower in the omega group compared to the tooth movement group on day 14 (P = 0.012; Table 1 ).
| Biochemical findings
The factor1 was found to have significant effect on TAS level (P = 0.002; Table 2) , resulting lower TAS level in tooth movement group than omega group ( Table 3 ). The main effect of factor2 was significant, as well (P = 0.001; Table 2 ); the overall mean of TAS level on day 3 was significantly lower than those on day 7 and 14 (P < 0.05; Table 3 ). TAS level was significantly greater in the omega group than the tooth movement group on day 14 (P = 0.001). Tooth movement group had a significantly higher TOS level than the omega group on day 14 (P = 0.001). TAS level was significantly lower on day 3 than days 7 and 14 in the omega group (P = 0.005, P = 0.001). TOS level was significantly higher on day 14 than day 3 in the tooth movement group (P = 0.001; Table 3 ). Small letters indicate the significant differences between the groups vertically. a,b,c,d,e,f,g P < 0.05.
The mean IL-6 levels on day 3 and day 5 were significantly greater in tooth movement group than control group ( a P < 0.05 and b P < 0.05, respectively).
TA B L E 4
Comparisons of the IL-6, vascular endotelial growth factor and BMP-2 gene expression levels of the experimental groups
TA B L E 5
Comparisons of the number of osteoclast, osteoblast and capillary, inflammatory cell infiltration and new bone formation levels according to the different experimental days of the omega and tooth movement groups Small letters indicate the significant differences between the levels of factor2 within factor1 and the numbers indicate the significant differences between the levels of factor1 within factor2. a-d,1,2 P < 0.05.
The number of osteoblast on day 14 was significantly lower than those on day 3 and day 7 in tooth movement group ( a P < 0.05 and b P < 0.05, respectively).
The number of capillary on day 3 was significantly lower in tooth movement group than the one in omega group ( 1 P < 0.05).
| mRNA expressionanalysis
Quantitative RT-PCR analysis showed that the mRNA expressions of IL-6, VEGF and BMP-2 varied considerably during the tooth movement experiment. IL-6 mRNA expression was found significantly lower in the omega groups than the tooth movement groups on all experimental days (P < 0.05). BMP-2 and VEGF mRNA expressions were higher in the tooth movement group compared to the omega group on day 7 (P < 0.05; Table 4 ).
| Histological findings
When the main and interaction effects of factor1 and factor2 were examined on histological variables, the only significant main effect of factor1 and the only insignificant main effect of the factor2 were on the number of osteoclast (P = 0.041 and P = 0.109, respectively; Table 2 ). Increased inflammatory cell infiltration on days 3 and 7 was
shown in the tooth movement group compared to the omega group.
The number of capillaries on day 3 was significantly higher in the omega group than the tooth movement group, while a higher number on day 7 was observed in the tooth movement group compared to the omega group (P < 0.05). Omega group showed a significant decrease in the number of capillaries on day 7 compared to the tooth movement group (P < 0.05; Table 5 ).
| Immunohistochemical findings
The main effect of the factor1 was not significant on VEGF and BMP-2 (P = 0.596 and P = 0.534, respectively; Table 2 ). The interaction effects of factor1 and factor2 on immunohistochemical variables were not significant, either (P > 0.05; Table 2 ). The advanced analyses revealed that the levels of RANKL, IL-6 and IL-1β in the omega group were significantly lower than the tooth movement group on all experimental days (P < 0.05). The levels of BMP-2 and VEGF were significantly higher in the omega group on day 3 and significantly decreased on day 7 when compared to the tooth movement group (P < 0.05; Table 6 ).
| D ISCUSS I ON
Dietary supplementation of omega-3 fatty acids is recommended by different medical specialists due to its beneficial effects to the human body. In this study, we aimed to investigate the effects of the systemic administrations of omega-3 fatty acids on orthodontic tooth movement.
Our findings show that omega-3 fatty acids decrease the number of osteoclasts and the orthodontic tooth movement on day 14.
Previous studies showed that the number of osteoclasts, bone resorption and the rate of orthodontic tooth movement were lower in the rats fed with fish oil compared to the rats fed with corn oil.
10,11
Changes in arachidonic acid levels affect bone resorption, which is a key factor in tooth movement. A diet rich in omega-3 fatty acids causes the arachidonic acid in the membrane phospholipids to be displaced with EPA. 10, 11 It has been shown that the omega-3 fatty acids increase the total plasma antioxidant levels and also the activity of antioxidant enzymes that remove the reactive oxygen species. 15 We found that the average TAS level of the omega group was higher compared to the tooth movement group. The results of our study are compatible with the results of the previous study. 15 Orthodontic force application leads to circulatory imbalance such as ischemia and hypoxia in the compression zone of the PDL at the early stages of tooth movement, resulting in the production of ROS.
2
In the tooth movement group, the increase in TOS level from 3rd experimental day to 14th day is due to the oxidative stress associated with the increased expression of proinflammatory cytokines and production of ROS. 16 The effects of treatment with omega-3 fatty acids on inflammation and oxidative stress parameters have been reported in the literature. 17 In our study, since the omega-3 fatty acids TA B L E 6 Comparisons of the vascular endotelial growth factor, IL-6, BMP-2, IL-1β and RANKL levels according to the different experimental days of the omega and tooth movement groups Small letters indicate the significant differences between the levels of factor2 within factor1 and the numbers indicate the significant differences between the levels of factor1 within factor2. a-d,1-3 P < 0.05.
The VEGF level on day 3 was significantly lower in tooth movement group than the one in omega group ( 1 P < 0.05).
The VEGF level was significantly higher on day 7 than the one on day 14 in tooth movement group ( a P < 0.05).
were replaced with the polyunsaturated fatty acids during oxidative process and showed protective effects, the average TOS level of the omega group was lower than the tooth movement group.
Orthodontic tooth movement occurs with an inflammatory response, but when this inflammation is not controlled, it can have destructive effects on the teeth and periodontium. 18 Our histological findings demonstrated that inflammatory cell infiltaration increased on day 3, reached maximum level on day 7 and then began to decrease. Similar to our study, Spadari et al 18 assessed inflammation and reported that the number of increased granulocytes on day 3
was even higher on day 7 in the tooth movement group.
Omega-3 application reduced inflammatory cell infiltration at a statistically significant level on days 3 and 7. Similarly, studies in the literature 19, 20 report that omega-3 fatty acids suppress inflammation and inflammatory cell infiltration. In our study, omega-3 fatty acids had no effects on the number of osteoblasts and also the new bone formation.
All examined proinflammatory cytokine levels such as IL-6, IL-1β
and RANKL are reduced in a significant manner in the omega group compared to the tooth movement group on all experimental days.
Similarly, omega-3 fatty acids have been reported to suppress proinflammatory cytokine expression and acute inflammatory response in the literature. 21, 22 Hypoxia is observed in PDL in the early stages of orthodontic tooth movement and VEGF is the most important angiogenesis mediator regulated by hypoxia. 18 According to the qPCR results, this increase in VEGF mRNA level in the tooth movement group on day 7 is due to the hypoxia observed in the tissue with hyalinization and the expression of VEGF is reduced on day 14 with the reestablishment of tissue oxygenation. 18 The mRNA level of VEGF was significantly decreased in the omega group compared to the tooth movement group on day 7. This is consistent with many studies showing that the DHA content of omega-3 fatty acids causes a decrease in angiogenesis and VEGF mRNA levels.
23,24
Increase in BMP-2 mRNA expression has been reported under the compression and tension forces. However, inhibition of the endogenous PGE2 production has resulted in the inhibition of the increase of BMP-2 mRNA expression. 25 Results of our study show that the BMP-2 mRNA levels of the omega group were found to be lower than the tooth movement groups on all experimental days. This may be due to the fact that the omega-3 administration reduces the level of PGE2 expression in the bone.
| CON CLUS ION
In conclusion, systemic administrations of omega-3 fatty acids reduced the proinflammatory cytokines such as IL-6, IL-1β and RANKL and showed antiinflammatory effects. Application of omega-3 fatty acids could decelerate orthodontic tooth movement by decreasing the number of the osteoclasts. Therefore, during the orthodontic treatment of the patients, appointment intervals may be wider and orthodontic force activations may be less frequent when using omega-3 fatty acids.
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